We have investigated the structural, mechanical, electronic, and thermodynamic properties of AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe using first-principles calculations. The elastic constants imply the elastic stabilities of these structures. The elastic anisotropy has been depicted by three-dimensional iso-surface of Young's modulus. The electronic densities of states show that the Fe-d, Al-p and B-p states are hybridized at Fermi level. The phonon dispersion spectra manifest their dynamical stabilities. Furthermore, the free energy suggests the stabilities of these structures in finite temperature range 0-1500 K. Our results suggest the feasibility of the fabrication approach of AlB 2 + 8FeB + 2Al 2 Fe → 5AlFe 2 B 2 . Our study provides insights on structure stabilities and might be helpful in the material design and fabrication of Al-Fe-B compounds.
Introduction
Fe-Al-B system is of immense importance with promising advanced properties including ferromagnetic, high strength, wear and oxidation resistance to prevail over that of carbon steel. Consequently, Fe-Al-B system has been widely investigated experimentally and theoretically for its fabrication [1] [2] [3] [4] [5] , amorphous forming ability [6] , ferromagnetic transition [7] [8] [9] , magnetomechanical behavior [10] , magnetocaloric effect [11] [12] [13] [14] , mechanical behavior [15] [16] [17] [18] [19] [20] [21] and defect property [22] [23] [24] etc. Recently, the laminated structure of intermetallics AlFe 2 B 2 draw lots of attentions due to its unique properties , especially its near-room-temperature magnetic transition and magnetocaloric potential [7] [8] [9] [11] [12] [13] [14] 31] . The structural properties, electronic structures and magnetic properties have been calculated using first-principles (see e.g. [11, 20, 21] ). There are many experimental works concentrating on the magnetic property of AlFe 2 B 2 [7] [8] [9] [10] [11] [12] [13] [14] 21, [25] [26] [27] [28] [29] [30] [31] . One of the current challenges is in the synthesis of high phase purity AlFe 2 B 2 . Typically, an excess of Al is required which results in production of secondary phases such as Al 13 Fe 4 [14, 21] . The necessary process of the fabrication of AlFe 2 B 2 is much less been concerned.
There are currently two approaches for the fabrication of AlFe 2 B 2 . One is made from elemental constituents [30] , and the other is prepared from binary compounds only, or compounds and elemental constituents. Both approaches need excessive aluminum, resulted in the unintentional impurity phase Al 13 Fe 4 (or Al 3 Fe) in the products (e.g. [14, 21] ). Kádas et al examined the phase stability of AlFe 2 B 2 by calculating the formation energy following the competing binary phases, namely AlB 2 + 4FeB + 2FeAl → 3AlFe 2 B 2 , and obtained the difference of formation energy of −0.538 eV/f.u. [21] . From the phase diagram of Al-B-Fe [33] , there is no correlation between the AlFe 2 B 2 and FeAl. The AlFe 2 B 2 should be correlated with AlB 2 , FeB and Al 13 Fe 4 (Al 3 Fe) or Al 5 Fe 2 , or Al 2 Fe. From the stability of binary compounds, Al 2 Fe is the most stable among Al 13 Fe 4 (Al 3 Fe), Al 5 Fe 2 and Al 2 Fe [34] . Therefore, the feasibility of AlB 2 + 8FeB + 2Al 2 Fe → 5AlFe 2 B 2 is discussed in the present work. The crystal structures of AlFe 2 B 2 , FeB, AlB 2 , and MoSi 2 -type Al 2 Fe have been shown in Fig. 1 .
Computational method
The calculations were performed by using projector augmentedwave (PAW) method [35, 36] and VASP code [37, 38] . The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [39] were used and the plane-wave energy cutoff is of 450 eV in all of the calculations. The Monkhorst-Pack k-point meshes was used in the Brillöuin zone integrations [40] , and a smearing parameter of 0.05 eV was set in Methfessel-Paxton technique [41] . The convergence threshold for total energy calculation was 1 × 10 −6 eV/unit. Spin polarization was also taken into consideration.
The Birch-Murnaghan [42] equation of state was applied to fit the relationship of energy and volume and then the equilibrium volume (Ω 0 ), total energy (E), bulk modulus (B) and pressure derivative of the bulk modulus (∂ ∂ B P / ) were obtained. The computational procedure of the elastic constants and the thermodynamic properties of AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe compounds are the same as our previous reports in Refs. [43] [44] [45] . Phonon spectrum were calculated by the supercell approach. Forceconstants of supercell were obtained using the VASP code, and the PHONOPY code [46] were used to calculate the phonon dispersions and phonon density of states. For the phonon dispersion calculation, we used the 2 × 2 × 4 supercell containing 80 atoms for AlFe 2 B 2 , 2 × 3 × 3 supercell containing 196 atoms for FeB, and 3 × 3 × 3 supercell containing 81 atoms for AlB 2 and Al 2 Fe. The Monkhorst-Pack kpoint mesh for the BZ integration was 5 × 5 × 3, 3 × 3 × 3, 5 × 5 × 5, and 5 × 5 × 5 for AlFe 2 B 2 , FeB, AlB 2 , and Al 2 Fe, respectively.
Results and discussions

Phase stability and lattice constants
The lattice constants, formation enthalpies, cohesive energies and magnetic moment of Fe atom for AlFe 2 B 2 , FeB, AlB 2 , and Al 2 Fe have been calculated as summarized in Table 1 , including the available experimental results and other theoretical results [7, 12, 20, 47] . According to the literatures [7, 12, 20] , the crystal structure of AlFe 2 B 2 is orthorhombic structure with ferromagnetism. We have studied the magnetic properties of AlFe 2 B 2 presented in four structures: the paramagnetic (PM), ferromagnetic (FM) and two antiferromagnetic (AFM) structures (AFM1 and AFM2 as plotted in Fig. 2 ). First of all, we examined the cohesive energies of the four structures. The total energies as a function of the volume were shown in Fig. 3 . The ferromagnetic phase has the lowest total energy, suggesting that the ground state of AlFe 2 B 2 is ferromagnetic. The calculated lattice constants for ferromagnetic AlFe 2 B 2 agrees well with experiment [12, 47] . The present calculated magnetic moment of ferromagnetic AlFe 2 B 2 is 1.36 μ B /Fe, in agreement with the experimental value of 1.0 μ B /Fe [7] .
For the FeB phase, the calculated lattice constants of the ferromagnetic FeB are coincident with the experimental results [46] . The ferromagnetic structure is the ground state with formation enthalpy of −0.3743 eV/atom and the magnetic moment is 1.24 μ B /Fe, which is in good agreement with the other theoretical results [47] . For the AlB 2 , the calculated lattice constants agree well with experimental values [47] and the theoretical values [49] . For the Al 2 Fe, the aP18-type and MoSi 2 -type crystal structures have been studied in this work. The calculated formation enthalpies show that the MoSi 2 -type Al 2 Fe is the stable phase and the ground state is PM state. It should be noted that the Al 2 Fe is a phase with 3 mixed occupancy sites of Al 0.5 Fe 0.5 , resulted in many possible lattice configurations [49] . The atomic ratio of Al/Fe in reference [34] is deviated 2:1, though the formation enthalpy is low (−0.337 eV/atom). So, in order to simulate stoichiometric Al 2 Fe, the 1 × 1 × 2 supercell has been used to obtain aP18-type Al 2 Fe with 24 Al and 12 Fe atoms.
Elastic properties
The elastic constants for AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe were calculated and presented in Table 2 , compared with those of literatures [20, 48, 49 ]. The orthorhombic system should satisfy the following mechanical stability criteria: C 11 > 0, C 22 > 0, C 33 > 0, C 44 > 0, C 55 > 0, C 66 > 0, (C 11 + C 22 − 2C 12 ) > 0, (C 22 + C 33 − 2C 13 ) > 0, [C 11 + C 22 + C 33 + 2(C 12 + C 13 + C 23 )] > 0, while for a hexagonal system, as the mechanical stability criteria are C 44 > 0, C 11 > |C 12 |, (C 11 + 2C 12 )C 33 > 2C 13 2 . As for a tetragonal system, the criteria should be C 11 > 0, C 33 > 0, C 44 > 0, C 66 > 0, (C 11 − C 12 ) > 0, (C 11 + C 33 − 2C 13 ) > 0, and [2(C 11 + C 12 ) + C 33 + 4C 13 ] > 0. From Table 2 , it is clearly indicated that the elastic constants for the considered crystalline systems satisfy the corresponding mechanical stability, this indicates that all considered compounds are mechanically stabe.
The present elastic constants of FeB agrees excellently with those of previous first-principles calculations [48] . However, the elastic constants of AlFe 2 B 2 is slightly different from the other first-principles [20] . Particularly, we have C 11 > C 22 , opposed to the order of reference [20] . For the AlB 2 , the present calculated C 11 is smaller than that of reference [49] . The reason of the discrepancy is partially due to the different pseudopotentials and software code used.
The elastic properties and hardness of AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe, were evaluated from the single crystal elastic constants, as presented in Table 3 . The available values of literatures [20, 48, 49] are also included for comparison. The Young's modulus E is usually taken as an indicator of the stiffness for a solid. A larger value of Young's modulus E implies the stiffness of material. The bulk modulus, shear modulus and Young's modulus of FeB are the largest among these mentioned phases, followed by those of AlFe 2 B 2 and AlB 2 , and finally FeB. For the bulk modulus, shear modulus, Young's modulus, and Poisson's ratio of FeB, the present calculated results are all in good agreement with the other theoretical data [48] .
The brittle or ductile behavior of materials could be evaluated by the ratio B/G, which proposed by Pugh [50] . A high B/G value corresponds a tendency of ductility with a threshold of 1.75 according to the Pugh's criterion. The calculated results imply that the FeB exhibits ductile behaviors, contrary to other three phases. Using the relationship [25] , respectively. The present predicted value is close to that of single crystal sample.
In order to illustrate the elastic anisotropy of AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe intermetallics, the isosurfaces of Young's modulus were presented in Fig. 4 . The elastic anisotropy could be characterized by three-dimensional isosurface of Young's modulus. For example, a spherical isosurface stands for an isotropic crystal. The correlation of orientation dependent Young's modulus with structural anisotropy is discussed in detail in Ref [52] . The isosurfaces of Young's moduli show remarkable Table 4 , the calculated A B and A G of AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe compounds show apparent anisotropic compressibility and shear.
Thermodynamic properties
According the quasiharmonic approximation, the thermodynamic properties such as Debye temperature, sound velocity in polycrystalline system and should be evaluated to infer the physical properties of materials including specific heat, thermal expansion coefficient, and melting temperature etc. The calculation details for the thermodynamic properties were similar as that in Refs. [43] [44] [45] Table 4 presents the sound velocities and Debye temperatures of the AlFe 2 B 2 , FeB, AlB 2 and Al 2 Fe intermetallics. The available calculated values for the considered compounds are also included for comparison. The AlB 2 has the highest Debye temperature of 1067.7 K, which means the AlB 2 has a highest melting point and high thermal conductivity than others. The Debye temperature is of 750.6 K, 761.2 K and 682.7 K for the AlFe 2 B 2 , FeB and Al 2 Fe respectively, and in good agreement with literatures [20 48,49] . In addition, the transverse, longitudinal and average sound velocities are also coincident with other theoretical results [20, 48] .
Electronic properties
To gain more knowledge of the bonding characteristics for the considered intermetallics, the total and partial density of states (DOS) of Al 2 Fe, FeB, AlB 2 and AlFe 2 B 2 were depicted in Fig. 5 . The values of TDOS at the Fermi level for the considered compounds are all larger than zero, which shows that they all exhibit metallic behaviors. The calculated PDOSs show that the DOS at the Fermi level is contributed predominantly by the Fe-d, Al-p and B-p states, which characterizes the hybridization at Fermi level.
Lattice dynamic properties
Phonon dispersion spectrum of the crystalline structure plays a key role in the dynamic stability of phase, phase transformation, and thermodynamics of materials. The phonon dispersion spectra along the high symmetric directions Γ- Table 4 Anisotropic factors, sound velocity and Debye temperature of the AlFe 2 B 2 , Al 2 Fe, AlB 2 and FeB. The constant-volume specific heat capacity C v were evaluated from the phonon dispersion spectra within the quasi-harmonic approximation [45] , as presented in Fig. 7 . The C v exhibits the expected T 3 powerlaw in the low-temperature limit. The constant-volume specific heat capacity of Al 2 Fe, FeB, AlB 2 and AlFe 2 B 2 is 21.29, 18.31, 16.10 and 18.42 J/mol/K respectively at 300 K. For high temperatures, C v reaches a classic limit of 25 J/mol/K, in good agreement with the classic law of Dulong-Petit.
The Gibbs free energy difference between AlFe 2 B 2 and the mixture system of FeB, AlB 2 and Al 2 Fe, namely, Fig. 8 . The free energy differences between the AlFe 2 B 2 and the mixture system associated with Al 3 Fe or Al 5 Fe 2 instead of Al 2 Fe were also included for comparison, indicated as ΔG 2 = (7 × G AlFe2B2 − 2 × G Al3Fe -G AlB2 − 12 × G FeB )/7 and ΔG 3 =(6 × G AlFe2B2 − 2 × G Al5Fe2 -G AlB2 − 10 × G FeB )/6. Liu et al [29] evaluated the Gibbs free energy of binary compounds from the CALPHAD method and found that Al 5 Fe 2 is more stable than Al 2 Fe. This is different from the present calculation and that of Mihalkovič et al [34] . The free energy difference between AlFe 2 B 2 and the mixture system of FeB, AlB 2 and Al 2 Fe is the lowest among all the three possible reaction paths. Therefore, the largest amount of energy could be gained from the reaction of AlB 2 + 8FeB + 2Al 2 Fe → 5AlFe 2 B 2 . Recall that all the reactants and products are mechanically, thermodynamically, and dynamically stable. Our results suggest that the AlFe 2 B 2 is more favorable based on the energy point of view following the fabrication way of AlB 2 + 8FeB + 2Al 2 Fe → 5AlFe 2 B 2 . The present reaction is different from that proposed by Liu et al [29] , they thought the reaction pathway is AlB 2 + 10FeB + Al 5 Fe 2 → 6AlFe 2 B 2 (namely ΔG 3 ). The difference results from the relative stability of Al 5 Fe 2 and Al 2 Fe, and the free energy of reactants. The present calculation indicates that the AlB 2 + 8FeB + 2Al 2 Fe → 5AlFe 2 B 2 is more exothermic than that of AlB 2 + 10FeB + Al 5 Fe 2 → 6AlFe 2 B 2 . In addition, the relative stability of AlFe 2 B 2 referring to the mixture system of FeB, AlB 2 and Al 2 Fe increases with temperature, which indicates the possible approach to accelerate the reaction by raising temperatures without much penalty on the stabilities of the constituents.
Summary
We have investigated the thermodynamic, elastic, electronic structure and lattice dynamic properties of Al 2 Fe, FeB, AlB 2 and AlFe 2 B 2 using first-principles calculations. Our results for lattice constants, elastic constants, and phase stability are in good agreement with experiment and other theoretical results. The electronic densities of states indicate that the Al-p, B-p and Fe-d states are hybridized at Fermi level. The elastic constants and modulus as well as the elastic anisotropic parameters have been predicted. Three-dimensional isosurface of Young's modulus depict the anisotropy behaviors. The phonon dispersion spectra and phonon density of states of Al 2 Fe, FeB, AlB 2 and AlFe 2 B 2 manifest the dynamical stability of the corresponding ground structures. The constant-volume specific heat capacity of Al 2 Fe, FeB, AlB 2 and AlFe 2 B 2 is 21.29, 18.31, 16.10 and 18.42 J/mol/K respectively at 300 K. The Gibbs free energy also suggests the stabilities of these structures in finite temperatures. Our results suggest the feasibility of the fabrication approach of AlB 2 + 8FeB + 2Al 2 Fe → 5AlFe 2 B 2 with energy gain of 6.11 kJ/mol.atom. The relative stability increasing with temperature indicates the possible approach to accelerate the reaction by raising temperatures without much penalty on the stabilities of the constituent binary compounds. Our study provides insights of the electronic structures stabilities and might be helpful in the material design and fabrication of Fe-Al-B compounds.
